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Abstract

Extensive evidence indicates that ethanol (alcohol) has immunomodulatory properties. Many of its
effects on innate immune response are dose-dependent, with acute or moderate use associated with
attenuated inflammatory responses, and heavy ethanol consumption linked with augmentation of
inflammation. Ethanol may modify innate immunity via functional alterations of the cells of the
innate immune system. Mounting evidence indicates that ethanol can diversely affect antigen
recognition and intracellular signaling events, which include activation of mitogen activated protein
kinase (MAPK) and NFkB, mediated by Toll-like receptors (TLRs), leading to altered inflammatory
responses. The mechanism(s) underlying these changes may involve dose-dependent effects of
ethanol on the fluidity of cell membrane, resulting in interference with the timely assembly or
disassembly of lipid rafts. Ethanol could also modify cell activation by specific interactions with cell
membrane molecules.

Introduction

Extensive evidence indicates that ethanol consumption affects human health (Rehm et al.,
2003). These effects are complex and depend on many factors, such as patterns of drinking
(chronic or acute/binge), the amount of consumed ethanol (moderate or excessive), the body
organ or system, and the sex of user. Chronic ethanol abuse, defined as 120-150 g or > 8 drinks
per day, has been associated with immunosuppression and increased morbidity and mortality
(Nelson and Kaolls, 2002). As a result, alcoholics are prone to bacterial and viral infections
(Adams and Jordan, 1984; Nelson et al., 1995); (Ruiz et al., 1999). Alcoholics also show higher
incidence of cardiovascular ailments such as cardiomyopathy, high blood pressure, stroke, and
acute respiratory distress syndrome (ARDS) (Hanna et al., 1997; Rehm et al., 2003).
Continuing ethanol abuse can lead to a development of alcoholic liver disease, which in nearly
20% of alcoholics results in liver cirrhosis (Hines and Wheeler, 2004). Furthermore, alcoholism
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is associated with higher rate of liver, esophageal, and pharyngeal cancers (Rehm et al.,
2003). Importantly, even occasional intoxication known as binge drinking and defined as the
consumption of more than 5 drinks of ethanol during a short time period is linked with increased
risk of cardiovascular disease (Averina et al., 2006; Hijmering et al., 2007). In contrast,
moderate ethanol exposure appears to exert positive effects on health (Power et al., 1998;
Tolstrup et al., 2006). Multiple epidemiological reports demonstrate a U-shaped relationship
between ethanol intake and general mortality (Djousse et al., 2002; Rimm et al., 1999). The
lowest death rate correlates with low to moderate amounts of ethanol, at 15-45 g or 1 — 3 drinks
per day (Gigleux et al., 2006), while abstaining from ethanol or excessive drinking are both
associated with higher mortality (Power et al., 1998). An important beneficial effect of
moderate ethanol consumption is the reported decrease in cardiovascular diseases (Rimm et
al., 1999). This level of ethanol use has been also associated with a lower risk of dementia and
Alzheimer’s disease in the elderly (Luchsinger et al., 2004). Moreover, moderate drinking may
be protective against cancer-related mortality (Gun et al., 2006). Two epidemiological studies
link consumption of alcohol with a lower incidence of non-Hodgkin’s lymphoma in men
(Briggs et al., 2002) and women (Morton et al., 2003). Nevertheless, several studies indicate
asmall increase in the risk of breast cancer in women who consume low to moderate amounts
of ethanol (Ellison et al., 2001; Nielsen and Gronbaek, 2008; Singletary and Gapstur, 2001).
It is possible that the increased levels of estrogen and androgen in women using ethanol play
arole in this effect.

Ethanol and hormesis

The epidemiological analysis of the effects of ethanol on health leads to the conclusion that
one of the key factors is the dose of consumed ethanol. It is apparent that ethanol can exert
opposite effects depending on the dose. This property, known as hormesis, characterizes many
other substances, and has been already observed by Paracelsus in the age of alchemy (Rozman,
2005). This biphasic effect of ethanol has been reported in a wide range of studies. Studies of
diverse behavioral responses in animal models and in humans indicate that the low doses of
ethanol are stimulatory, while high doses have inhibitory effects (Calabrese and Baldwin,
2003). For example anxiety, and tension decrease with low level of consumption. In contrast,
high dose of ethanol profoundly depresses nervous system (Williams, 1966; Ekman et al.,
1964). In studies that use genetically identical mice, the low-dose stimulatory responses vary
between the examined strains, suggesting the role of genetic predisposition in sensitivity to
ethanol (Crabbe, 1983). It is well established that ethanol exposure is harmful to the developing
fetus, however some in vitro studies in animal models show that low level (0.1%) of ethanol
can promote embryonic development (Chaudhuri, 2000; Hannigan and Armant, 2000; Leach
et al., 1993). Moreover, epidemiological data show that moderate drinking during pregnancy
is associated with an increase in a birth weight (Primatesta et al., 1993). The study of female
pregnant rats exposed to ethanol showed a biphasic effect of ethanol on birth weight in both
female and male offspring. Exposure to 0.15 and 0.3 g/kg body of ethanol lead to an increase,
while 3.0 g/kg to a decrease in weight of newborn rats (Abel, 1996). In addition, the opposite
results of low and high levels of ethanol exposure on the function of kidney, liver, and heart,
and on serum levels of testosterone and LH were also observed (Calabrese and Baldwin,
2003; Nagy, 1994; Rodrigo et al., 1998; Williams et al., 1980).

The biphasic effect of ethanol on the inflammatory response

Inflammation is a feature of innate immunity. It is the body’s response to injury and represents
the first line of defense against microbial pathogens (Janeway and Medzhitov, 2002). In
addition, inflammatory processes are essential in the induction of adaptive immune responses,
however excessive or continuous inflammation can be harmful. For instance, inflammatory
processes are believed to underlie many chronic conditions, such as atherosclerosis, multiple
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sclerosis, Alzheimer’s disease, and rheumatoid arthritis (Cunningham et al., 2005; Feldmann
etal., 1996; Libby, 2002; Perry et al., 2007). Moreover, chronic inflammation may play a role
in etiology of many cancers, including liver and pancreatic malignancies (Balkwill and
Coussens, 2004; Coussens and Werb, 2002; Lawrence et al., 2007; Pikarsky et al., 2004;
Shacter and Weitzman, 2002).

Long-term ethanol abuse affects both innate and adaptive immunity, however even acute
ethanol intoxication, in form of binge drinking, or moderate consumption can modulate
immune responses, in particular inflammatory reactions. In light of many studies, the effects
of ethanol on innate immune responses may also follow a biphasic pattern. For instance,
assessment of inflammatory processes shows that acute ethanol exposure is associated with a
decrease in the production of inflammatory mediators (Bagby et al., 1998; Boe et al., 2003),
while alcohol abusers often show elevated circulating levels of the pro-inflammatory cytokines,
such as tumor necrosis factor-a (TNF-a), interleukin (IL)-1 and IL-6. (Khoruts et al., 1991;
McClain et al., 1993). Also, hepatitis and pancreatitis are inflammatory diseases that
significantly affect alcoholics (Hines and Wheeler, 2004; Jerrells et al., 2007). Furthermore, a
recent analysis of intensive care unit patients revealed correlation between alcoholism and
incidence of septic shock (O’Brien et al., 2007).

Multiple in vivo and in vitro studies show that acute ethanol treatment inhibits the production
of pro-inflammatory cytokines in response to a variety of microbial compounds. For example,
ethanol suppressed lipopolysaccharide (LPS)-induced synthesis of TNF-a and IL-1p by
alveolar macrophages, LPS and staphylococcal enterotoxin B (SEB)- stimulated production of
TNF-a and IL-1pB by human blood monocytes, polyinosinic-polycytidylic acid (poly 1:C)-
induced IL-6 and IL-12 production by murine peritoneal macrophages, as well as LPS,
peptidiglycan (PGN), and microbial unmethylated DNA (CpG)- stimulated TNF-a and IL-6
synthesis by murine splenic macrophages (Nelson et al., 1989; Verma et al., 1993; Szabo et
al., 1996; Szabho, 1998); Boe et al., 2001; Pruett et al., 2004b; Goral et al., 2004; Goral and
Kovacs, 2005). In the in vivo animal studies ethanol was administered by intraperitoneal (i.p.)
injection or oral gavage. The inhibitory effect was consistently observed with doses of 0.8 to
6 g/kg/body weight that corresponded to moderate and binge drinking pattern, respectively. In
invitro studies the cells were exposed to 25-150 mM ethanol. The acute exposure to high levels
ethanol, so called binge drinking, attenuates inflammatory responses, however this type of
ethanol consumption is associated with a higher risk for pathological conditions with
inflammatory etiology, such as cardiovascular disease (Averina et al., 2006; Hijmering et al.,
2007). This paradoxical effect may be linked to the induction of acute phase proteins, which
are markers of inflammation, by high levels of ethanol. In human population the lowest levels
of acute phase proteins are measured in moderate ethanol users, while both nondrinkers and
ethanol abusers have elevated levels of these markers of inflammation (Imhof et al., 2001). It
was shown in a mouse model that a single high dose of 6 g/kg body weight of ethanol induced
acute phase proteins: serum amyloid A and serum amyloid P, while a lower lower dose (3 g/
kg) did not cause such an effect (Pruett and Pruett, 2006).

Effective detection and presentation of pathogenic antigens by the cells of innate immune
system is necessary to initiate adaptive immune responses. Insufficient levels of pro-
inflammatory cytokines may impair recruitment of lymphoid cells to the sites of microbial
invasion. Such effect was observed in the lungs of animals treated with ethanol. It was
demonstrated that acute ethanol attenuates TNFa production by alveolar macrophages
stimulated with LPS (Kolls et al., 1995). Among many functions of TNFa is the induction of
chemokines that attract neutrophils to the lung. In mouse models acute ethanol exposure
inhibited MIP-2 and CXC chemokine CINC and reduced neutrophil influx to the lung in
response to bacterial infection or intratracheal administration of LPS (Boe et al., 2003; Zhang
et al., 1997). Furthermore, by negatively affecting TNFa production ethanol may impair
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interactions between lymphoid and endothelial cells, which could result in inadequate
recruitment of lymphoid cells to the sites of inflammation. It was shown that single i.p. injection
of 5 g/kg body weight of ethanol inhibited TNF-a-induced endothelial cell activation, as
assessed by expression of adhesion molecules E-selectin, ICAM-1, and VCAM-1; production
of chemokines IL-8, MCP-1, and RANTES, and adhesion of lymphoid cells in both
carrageenan and LPS-induced air pouch model in mice (Saeed et al., 2004). In another study
moderate ethanol exposure (a single dose of 0.8 g/kg body weight) increased IL-10 and reduced
accessory cell function of human monocytes during a mixed lymphocyte reaction (Szabo et
al., 2001).

The link between heavy ethanol consumption and lung infections is well established (Nelson
and Kolls, 2002). Mechanisms that result in the increased risk of infection involve impaired
function of alveolar macrophages, as well as increase in reactive oxidants due to inadequate
levels of glutathione in the epithelial lining fluid (Moss et al., 2000). In addition, mucociliary
apparatus of the respiratory system can be affected by ethanol (Sisson, 2007). Constant beating
of cilia of the mucocialiary apparatus plays essential role in clearing bacteria and impurities
from the air ways. Several studies demonstrated that ethanol exerts concentration-dependent
biphasic effect on the ciliary movement. Low concentrations of ethanol (0.01 — 0.1%) were
shown to increase, while higher concentration (2%) resulted in the lower beating frequency of
cilia. Moderate concentrations (0.5-1%) did not cause any changes in ciliary movement
(Maurer and Liebman, 1988; Wyatt et al., 2004). Therefore the exposure to moderate levels of
ethanol may augment, while ethanol abuse may impair mucociliary clearance (Sisson, 2007).

Alcoholic liver disease can serve as an example of a pro-inflammatory effect of chronic ethanol
exposure. Fibrosis, which is a hallmark of this disease, is thought to be a result of hepatic injury
followed by chronic inflammation. Kupffer cells - the resident macrophages in the liver - are
amajor source of inflammatory mediators, including TNFa and reactive oxygen species (ROS).
These mediators are involved in promoting cell death, inflammation, and fibrosis of the liver
(Nagy, 2003), (Hines and Wheeler, 2004). It was demonstrated that depletion of Kupffer cells
curbs inflammation and reduces cell death in the liver. Furthermore, destruction of Kupffer
cells in animals chronically exposed to ethanol blocks the formation of ROS, implicating these
cells in a production of destructive oxidants (Wheeler et al., 2001). Considerable evidence
supports the hypothesis that LPS present at increased levels in the blood of alcoholics and
animals chronically exposed to ethanol is involved in Kupffer cells activation (Thurman,
1998); (Hines and Wheeler, 2004). Bacteria present in the lumen of terminal ileum and colon
are a potential source of circulating LPS (Wheeler et al., 2001). Under normal conditions LPS
does not penetrate intestinal epithelium, however, excessive ethanol consumption disrupts
epithelial barrier, allowing for increased bacterial translocation from the lumen into the
underlying tissue and the blood stream (Rao et al., 2004). Once in the circulation, the bacterial
products, such as LPS, affect multiple organ systems, including liver (Fukui et al., 1991). LPS-
activated Kupffer cells secrete TNFa, IL-1, IL-6, and chemokines. Together these molecules
increase vascular permeability of hepatic sinusoids and recruit neutrophils and other lymphoid
cells to the liver (Nagy, 2003) (Hines and Wheeler, 2004). Chronic ethanol exposure further
increases the sensitivity of Kupffer cells to inflammatory stimuli, which leads to additional
TNFa production (Kishore et al., 2002). Moreover, chronic ethanol sensitizes hepatocytes to
the damage by TNFa (Hines and Wheeler, 2004), thus the cells become more susceptible to
infection. Extensive evidence shows that ethanol abuse is linked to more severe viral infections
of liver. Therefore it has been proposed that viral infections could serve as cofactors in the
development of liver fibrosis (Regev and Jeffers, 1999). Alcoholism has been also associated
with a development of pancreatitis (Schenker and Montalvo, 1998). Similar mechanisms that
result in liver inflammation and fibrosis may occur in the pancreas (Apte et al., 2000; Jerrells
et al., 2007).
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Natural killer (NK) cells are another important type of cells of the innate immune system. They
are involved in the elimination of tumor and pathogen-infected cells (Hercend and Schmidt,
1988). Both, binge drinking and chronic ethanol exposure decrease cytotoxic activity of NK
cells. In addition, chronic ethanol exposure reduces the number of NK cells (Blank et al.,
1993; Wu and Pruett, 1996). Impairment of NK-mediated immune surveillance by ethanol may
explain higher incidence of cancers in alcoholics (Rehm et al., 2003). It was demonstrated that
diminished resistance to metastases of B16F10 melanoma cells in mice was directly linked to
the negative effect of ethanol on NK cell activity (Wu and Pruett, 1999). NK cells express toll-
like receptor 3 (TLR3) and can be activated by viral RNA (Schmidt et al., 2004). Synthetic
poly I:C, which mimics viral exposure, induces production of multiple cytokines by NK cells.
It was shown that a single dose of 4-6 g/kg of ethanol administered by oral gavage suppressed
poly I:C induced mRNA for IFN-a, IFN-B, IFN-y, IL-6, IL-9, IL-12, and IL-15 in mouse spleen
tissue (Pruett et al., 2003). In addition, activated NK cells are involved in amelioration of liver
fibrosis by killing activated stellate cells, that produce collagen in the liver (Radaeva et al.,
2006). Thus, ethanol-induced impairment of NK cell functions may contribute to the
development of liver fibrosis in alcoholics.

Ethanol and phagocytosis

Another key component of the innate immune system is the ability of professional phagocytic
cells to phagocytose and present antigen to T-cells, thus linking the innate and the adaptive
arms of immunity. Both acute and chronic ethanol exposure have been shown to affect the
phagocytic potential and the ability of these professional antigen presenting cells to express
antigen and co-stimulatory molecules on their surface (Table 1). Studies from as early as the
1960’s and 70’s have shown immunomodulatory effects of ethanol on bacterial clearance
(Auerbach-Rubin and Ottolenghi-Nightingale, 1971;Laurenzi etal., 1963). Recent studies have
begun to reveal a more in-depth understanding of ethanol’s effects on phagocytosis.
Intratracheal endotoxin (LPS) administration typically results in recruitment and activation of
neutrophils (PMN), as well as the activation of alveolar macrophages. Studies by Zhang et al.
showed that acute ethanol exposure not only inhibited the recruitment of PMN, but also blocked
their activation, measured by decreased CD11b/c expression. These studies also showed that
acute ethanol suppressed the production of hydrogen peroxide by alveolar macrophages and
PMN recruited to the lung, as well as the phagocytic activity of circulating PMN (Zhang et al.,
1997). Complementary data showed that acute ethanol exposure lowered endotoxin-induced
expression of phagocytic receptors CD11b/c and CD18 (Zhang et al., 1998;Zhang et al.,
1999). Pretreatment with granulocyte-colony stimulating factor (G-CSF) given
intraperitoneally, was shown to return surface expression of CD11b/c, as well as phagocytic
activity of PMN to control levels. In contrast, acute ethanol intoxication prior to intravenous
LPS stimulation resulted in enhanced phagocytic responses in liver-sequestered PMN and
Kupffer cells, but not in circulating PMN (Spitzer and Zhang, 1996). Studies from the same
lab show cell specific responses to ethanol. Three hours post-ethanol, f-met-leu-phe (fMLP)-
induced chemotaxis and superoxide release by blood neutrophils were increased compared to
the saline-treated group, and were further increased at 24 hours (Bautista and Elliott, 1994). In
contrast, alcohol infusion for 3 hours attenuated fMLP-stimulated superoxide release by
Kupffer cells, compared to saline- treated control rats. Additionally, Kupffer cells chemotaxis
was also blunted by ethanol at 3 and 24 post-treatment (Bautista and Elliott, 1994). Because
of the scarcity of data and the conflicting observations between cell types, it is difficult to
accurately assess the effects of acute ethanol on superoxide production and chemotaxis of PMN
and Kupffer cells in these experimental models. What we can conclude is that ethanol is having
various effects on numerous cell types. By inhibiting phagocytosis or the processes that involve
degradation of the pathogens, professional phagocytic cells may not adequately present
antigens. This was observed by Szabo et al. who reported that monocyte derived dendritic cells
isolated from healthy human subjects given a single dose of alcohol showed decreased
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allostimulatory potential, as well as decreased expression of CD80 and CD86 (Mandrekar et
al., 2004). These data reveal that acute ethanol exposure can not only modify phagocytic
capacity, but also the ability of dendritic cells to activate the adaptive arm of the immune
response.

Substantial evidence shows that chronic ethanol exposure affects phagocytic function of
immune cells. It was demonstrated that chronic ethanol ingestion decreases Kupffer cell-
facilitated phagocytosis and chemotaxis (Bautista, 2002). Chemotaxis, E.coli phagocytosis,
and fMLP -induced superoxide anion production by Kupffer cells were downregulated in the
ethanol-fed group. Interestingly these studies revealed that chronic alcohol intoxication was
also associated with increased basal hydrogen peroxide formation, enhanced nuclear
translocation and binding of NF-xB, AP-1 and MNP-1 in Kupffer cells. As mentioned above,
these transcription factors may play a role in the proinflammatory phenotype observed in
chronic alcoholics. Complement receptor-mediated phagocytosis has specifically been shown
to be decreased by chronic ethanol exposure. Using a murine model, ingestion of chronic
ethanol was shown to be associated with a decrease in complement-mediated clearance of
opsonized erythrocytes (Messner et al., 1993). In addition, uptake of apoptotic cells, via the
asialoglycoprotein receptor, was impaired in cells obtained from ethanol-fed animals,
indicating that ethanol may decrease the ability to clear apoptotic cells in the liver (McVicker
et al., 2002). Earlier studies have shown that Kupffer cells exposed to chronic ethanol in vivo
had decreased ability to phagocytose latex beads, however splenic macrophages showed an
increase in phagocytosis (Shiratori et al., 1989a; Shiratori et al., 1989b). It was also shown that
chronic ingestion of ethanol decreased both the viability of alveolar macrophages and their
ability to phagocytose microorganisms. This attenuated phagocytosis of alveolar macrophages
may lead to an increased risk of pneumonia (Brown et al., 2004). These studies showed that
the addition of glutathione precursors to the diet restored cellular function and viability of
macrophages as well as decreased sensitivity to endotoxemia-induced acute lung injury.
Another report showed that oxidative stress in the alveolar macrophages was potentiated via
an increase of the GSH/GSSG (reduced/oxidized glutathione) redox potential in the ethanol
treated group (Brown etal., 2007). Other studies showed that a decrease in alveolar macrophage
phagocytosis after chronic ethanol exposure is due to attenuation in membrane expression of
the GM-CSF receptor. In addition, ethanol ingestion reduced cellular expression and nuclear
binding of PU.1, the master transcription factor that activates GM-CSF-dependent macrophage
functions (Joshi etal., 2005). Furthermore, treatment of ethanol-fed rats with recombinant GM-
CSF restored GM-CSF receptor membrane expression, as well as PU.1 protein expression and
nuclear binding in alveolar macrophages.

Functions of immune cells in other compartments, such as the central nervous system (CNS),
are also affected by ethanol exposure. Chronic ethanol exposure decreased phagocytosis of
opsonized Escherichia coli by microglia. In the absence of stimulation, ethanol did not alter
synthesis of superoxide anion by microglia, however, ethanol treatment did suppress
phorbol-12 myristate-13 acetate-stimulated microglial superoxide anion production (Aroor and
Baker, 1998). The consensus of data reported above gives evidence that phagocytosis is
impaired in chronic ethanol treated animal models. It is apparent that ethanol is having effects
on multiple signaling pathways in these experimental models. It is also interesting to note that
the dichotomy between acute and chronic ethanol exposure and the attenuated versus the
augmented pro-inflammatory response, respectively, is not observed with phagocytosis. Both
acute and chronic ethanol exposures typically decrease phagocytosis. The current task is to
elucidate the mechanisms by which the alcohol is having its effects.
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Ethanol and TLRs expression

Microbial pathogens are recognized by the cells of innate immune system via pattern
recognition receptors (PRRs) (Janeway and Medzhitov, 2002). One of the extensively studied
families of PRRs is that of Toll-like Receptors (TLRs), which demonstrate specificity for
microbial structures. Examples include TLR4, which recognizes LPS (in the context of CD14
and MD-2) from Gram negative bacteria; TLR3, which is activated by viral RNA; or TLR9,
which is stimulated by unmethylated bacterial DNA (Takeda et al., 2003).Upon sensing
microbial structures, TLRs initiate complex immune responses directed against invading
pathogens.

It is possible that ethanol modifies TLR expression and/or TLR-mediated responses. It was
reported that a single dose of ethanol (5 g/kg body weight administered intragastrically)
reduced the expression of TLR4 mRNA in mouse liver 2 to 6h after ethanol treatment
(Nishiyama et al., 2002). In contrast, 3 and 4 week long, chronic administration of ethanol led
to higher levels of TLR4 in Kupffer cells, as shown by mRNA and fluorescent microscopy
(Zuo et al., 2003). In another study, an increase in MRNA expression of TLR1, 2, 4, 6, 7, 8,
and 9 was detected in liver tissue from mice fed an ethanol-containing diet (on average 139.1
mg/dL blood ethanol level was measured) for 10 days (Gustot et al., 2006). Furthermore,
ethanol sensitized these mice to liver inflammation, as indicated by an increase in TNF-a
mRNA expression induced by intraperitoneal injection of TLR1/TLR2, TLR2/TLR6, TLRA4,
TLR7, and TLR9 ligands. The administration of antibiotics did not prevent the up-regulation
in TLR mRNA expression, however, the inhibition of reactive oxygen species (ROS)
production by an inhibitor of NADPH oxidase, diphenyleneiodonium sulfate (DPI), resulted
in diminished mRNA expression of TLR2, 4, 7, and 9. Therefore, the authors postulated that
the up-regulated expression of multiple TLRs was more likely caused by ROS, than directly
by intestinal bacteria.

In summary, observations of the opposite effects of acute and chronic exposure to ethanol on
the expression of TLRs (down- versus up-regulation, respectively) further support the concept
of the biphasic nature of ethanol effects.

Ethanol and TLR-mediated signaling

TLRs are signaling receptors. TLRs initiate inflammatory responses via intracellular signal
transduction cascades, which include activation of mitogen-activated protein kinases (MAPKS)
and NF«B (Takeda et al., 2003; Kawai and Akira, 2006). Multiple reports indicate that acute
ethanol exposure has an inhibitory effect on activation of MAPKSs and NF«B in the cells
involved in inflammatory responses (Figure 1). Ethanol down-regulated LPS-induced
phosphorylation of p38 in human peripheral blood leukocytes, and attenuated activation of
NF«B in human monocytes (Arbabi et al., 1999; Mandrekar et al., 1999). In addition, acute
ethanol inhibited poly (1:C)-induced activation of p38 and NF«B in murine peritoneal
macrophages (Pruett et al., 2004a). Furthermore, ethanol diminished p38 and ERK1/2
phosphorylation in murine macrophages stimulated by PGN, LPS, and CpG (TLR2, 4, and 9
ligands, respectively) (Goral and Kovacs, 2005). It was also proposed that suppression of
NF«B activation by ethanol was responsible for decreased TNF-a-induced activation of
endothelial cells, which are crucial in recruitment of lymphoid cells to the sites of inflammation
(Saeed et al., 2004).

In contrast, chronic ethanol exposure increased Kupffer cell production of TNF-a in response
to LPS stimulation (Nagy, 2003; Hines and Wheeler, 2004). This enhancement was
accompanied by up regulation of p38 and ERK1/2 activity, and was blocked by p38 and ERK
inhibitors (Kishore etal., 2001; Kishore et al., 2002; Cao et al., 2002). Studies of the mechanism
of MAPK involvement in TNF-a synthesis indicate a link between activation of p38 and
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ERK1/2, and TNF-o mRNA stabilization. Therefore, the ethanol-induced increase in p38 and
ERK1/2 activation may contribute to the excessive sensitivity of Kupffer cells to LPS and
augmented TNF-o production after chronic ethanol exposure (Yao et al., 1997; Winzen et al.,
1999; Nagy, 2003).

Ethanol and lipid rafts

The role of TLRs in intracellular signaling is well established, however, the mechanisms
responsible for TLR recognition of pathogen-associated-molecular patterns (PAMPS), is still
unclear. With regards to TLR4, the receptor does not bind its ligand LPS directly; instead, LPS
binds to a receptor complex made of CD14, MD-2, and TLR4 (Fitzgerald et al., 2004).
Moreover, known ligands of TLR4, which also include Taxol and respiratory syncytial virus
coat protein, are molecules that do not share structural similarities (Takeda et al., 2003; Sabroe
et al., 2003). Therefore, it was proposed that TLRs may not directly bind PAMPs, but rather,
function as a part of a signaling complex that forms upon stimulation with appropriate microbial
compounds. Since TLRs have intracellular signaling domains, they may act more as integrators
of cellular signaling, than as PAMP-binding receptors (Sabroe et al., 2003). If this is the case,
then something similar to the immunological synapse in the process of antigen recognition by
T lymphocytes could function in the events leading to activation of the cells of innate immune
system (Triantafilou et al., 2002; He et al., 2005). This notion of cooperation between different
membrane receptors can be supported by observations of the role of TLRs in phagocytosis
(Weck et al., 2007). TLRs are not phagocytic receptors; however, they are recruited to
phagosomes, where they can sample microbial structures and can modulate phagocytosis
mediated by specialized receptors (Underhill and Gantner, 2004; Blander, 2007). The
realization that interactions between multiple, often closely associated, membrane molecules
is crucial for the function of the cell leads to the concept of lipid rafts made of sphinglolipids
and cholesterol (Hancock, 2006; Pike, 2003). This hypothesis implies that, depending on the
state of activation, cell membrane proteins will freely diffuse within the plasma membrane, or
will form interactive assemblies through lipid rafts. It was shown that translocation of TLRs
to lipid rafts may be associated with the recognition of PAMPs by macrophages (Triantafilou
and Triantafilou, 2004).

Earlier studies designed to determine the mechanisms by which ethanol affects immune
function, have focused on the cell membrane. One of the consequences of ethanol exposure is
an increase in membrane fluidity (Gutierrez-Ruiz et al., 1995). Importantly, chronic alcohol
exposure leads to the compensatory changes in the membrane makeup with the higher content
of cholesterol, which could stiffen the membranes (Peters and Preedy, 1998). If this is the case,
then the explanation for the different actions of acute and chronic ethanol exposure on
inflammatory responses could be at hand. With increased fluidity caused by short term
exposure to ethanol, the formation of the signaling complex within the lipid raft could be
impaired, yielding diminished activation of intracellular signaling and, in turn, decreased
production of inflammatory mediators. In contrast, more rigid membranes of the cells
chronically exposed to ethanol would delay timely dissociation of the rafts, and could result
in prolonged signaling, leading to the upregulation in the production of proinflammatory
mediators. The increase in cell membrane fluidity by ethanol is well documented, however, its
physiological significance remains controversial. One has to realize that an increase in
membrane fluidity at a lethal concentration of ethanol is comparable to the effect of an elevation
in temperature by only 1° C (Rottenberg et al., 1981). Moreover, it is important to remember
that an increase in temperature manifested as fever is beneficial in fighting infections and is a
part of normal immune response. Besides, ethanol ingestion is linked to a decrease in body
temperature in humans (Yap et al., 1993). Therefore, it is possible that the net effect of acute
ethanol exposure on membrane fluidity in vivo is zero (i.e. the increase in fluidity due to the
presence of ethanol is eliminated by a drop of body temperature). Furthermore, the anti-
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inflammatory effect of acute ethanol exposure could be a consequence of a drop in body
temperature and the absence of fever.

The possible link between an ethanol-induced increase in membrane fluidity, which could alter
lipid raft formation, and its anti-inflammatory effect was recently investigated in the Chinese
hamster ovary cells transfected with human CD14, TLR2, or TLR4 (Dolganiuc et al., 2006).
In this report, acute ethanol exposure and treatment with peptidoglycan or LPS (TLR2 and
TLR4 ligands, respectively) did not disrupt lipid raft formation as examined by a distribution
of a lipid raft marker, flotillin. However, ethanol impaired LPS-stimulated TLR4 recruitment
to the rafts and modified CD14 membrane distribution. In another study, acute ethanol
treatment of murine macrophage cell line RAW264.7 modified LPS-induced membrane
distribution of CD14 (Dai et al., 2005). These results indicate that acute ethanol exposure may
dampen inflammatory responses by modifying the membrane-anchored protein complexes that
are formed upon the encounter with microbial compounds.

The hypothesis that the ethanol-induced changes in membrane fluidity are the mechanism by
which it exhibits its effect on the cells of innate immune system could be further disputed in
light of the study revealing that acute ethanol differently modified inflammatory responses,
depending whether TLR4 or both TLR2 and TLR4 mediate inflammatory signals (Oak et al.,
2006). The authors conclude that acute ethanol may decrease or augment inflammation
depending on the complexity of signals mediated by TLRs. If the ethanol-induced increase in
membrane fluidity were responsible for the altered TLR signaling, the similar results would
be expected regardless of the type and/or the number of engaged TLRs. Thus, the observed
differences suggest another or an additional mechanism/s of ethanol’s action. In another study
the effect of ethanol on LPS-induced receptor clustering was studied by confocal microscopy
(Dai and Pruett, 2006). The formation of TLR4 and CD14 receptor patches on activated
macrophages was accompanied by reorganization of actin cytoskeleton and this process was
impaired by ethanol.

In an effort to summarize recent observations on ethanol effects on cellular signaling it was
proposed that mechanism of ethanol’s action may involve direct protein targeting, as well as
nonspecific interactions with membrane lipids and membrane proteins, including membrane
receptors and cytoskeletal elements. As a result ethanol would disrupt lipid protein interactions
and modify protein conformation (Szabo et al., 2007).

Does ethanol have a target molecule?

In search of a still elusive mechanism of ethanol effects on immune function, concepts of
nonspecific effects versus specific targets should be considered. Changes in membrane fluidity
would obviously be a part of the nonspecific theory. However, a number of recent studies
demonstrate that ethanol may singularly target the large conductance calcium-activated
potassium (BK) channels, which are active in a variety of neuronal and non-neuronal cells
(Brodie et al., 2007). Kuhlmann et al. (Kuhlmann et al., 2004) reported that ethanol directly
modified BK channels in human endothelial cells. Specifically, low concentrations of ethanol
(10 and 50 mM) significantly increased, while higher concentration (100 and 150 mM)
significantly reduced synthesis of nitric oxide by these cells. Importantly, these results show
that ethanol affects BK channels in a dose-dependent fashion, further supporting a concept of
biphasic action of ethanol. It was also demonstrated that BK channels function in TLR- and
IL-1 receptor-mediated responses of human macrophages (Scheel et al., 2006). In this study
BK channels were activated by LPS, peptidoglycan, and IL-1. Therefore it is possible that
ethanol-dependent modifications of innate immune responses could be linked to a single target
cell membrane molecule. Alternatively, ethanol immunomodulatory action could result from
its both nonspecific and specific effects.
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Conclusions

The substantial body of evidence implicates ethanol as a significant immunomodulatory factor.
However, its actions are complex and the mechanism(s) responsible for ethanol’s effect on
immune responses remain elusive. In further attempts to divulge these mechanism(s), the
inclusion of microscopy and imaging techniques that can explore molecular interactions in the
intact cells over short distances and small time scales seems imperative. Direct observation of
cells would allow determination of whether ethanol-induced changes in cell membrane fluidity
affect the interactions of membrane proteins involved in the innate immune responses.
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The effect of moderate or acute ( #) and high or chronic (m) ethanol exposure on intracellular

signaling pathways initiated by LPS. Both the MAPK and NF«B pathways mediate

inflammatory responses. Different patterns of ethanol exposure have different effects on
molecules involved in inflammation. LPS-lipopolysaccharide, LBP-LPS binding protein,
TLR-toll like receptor, MAPK(K)(KK)-mitogen activated protein kinase (kinase) (kinase
kinase), TNF-tumor necrosis factor, IL- interleukin, CREB- cAMP response element binding,

JNK- Jun N-terminal kinase.
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The effects of different patterns of ethanol exposure on phagocytosis and the molecules that regulate or facilitate
phagocytic activity of macrophages and neutrophils (PMN).

Acute Ethanol

Chronic Ethanol

1. Phagocytosis

|Alveolar PMN and macrophages (Zhang et al.,
1997; Spitzer et al., 1996; Rimland et al., 1980)
tLiver PMN (Spitzer et al., 1996)

1 Kupffer cells (Zhang etal., 1998; Zhang et al.,1999),

| Kupffer cells (Bautista, 2002; Messner et al., 1993;
McVicker et al., 2002; Shiratori et al., 1989; Shiratori et al.,
1-9,2:)\2eolar macrophages (Brown et al., 2007; Joshi et al.,
%Osogizenic macrophages (Shiratori et al., 1989; Shiratori et al.,
Ilglsl?c):roqlia (Aroor and Baker, 1998)

2. Phagocytic
receptor expression

| CD11b/c and CD18 in circulating PMN (Zhang et
al., 1998; Zhang et al.,1999)

| B2 integrin in hepatic macrophages(Morio et al., 2000)

3. Lysosomal vesicle
conformation

1 H202 in alveolar PMN and macrophages(Zhang ef|
al., 1997)

| Superoxide in Kupffer cells (Bautista and Elliott,
1994)

1 Superoxide in blood PMN (Bautista and Elliott,
1994)

1 H202 in Kupffer cells (Bautista, 2002)

1GSH in alveolar macrophages (Brown et al., 2007)

1 NO in CD11b+ splenocytes (Zhu et al., 2004)

| Superoxide in alveolar macrophages (Morio et al., 2000)

4. Allostimulatory

potential

| CDB80 and CD86 in monocyte derived DCs
(Mandrekar et al., 2004)

1 CD80 and CD86 in CD11b+ splenocytes (Zhu et al., 2004)
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